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Endocrine Organ EvolutionDevelopmental biologists have made surprising discoveries on the
evolutionary origins of cell types, organs and body plans. Now, an elegant study
in Drosophila raises interesting questions about the origin of two major
endocrine organs of insects.Marco Grillo1, Jordi Casanova2,
and Michalis Averof1,*
Although evolution is a continuous
process, when we take a large-scale
view certain evolutionary transitions
stand out asmilestones in the evolution
of body form and function. We
recognize events, such as the invention
of muscles and neurons, or the
evolution of segmented bodies,
hormonal control systems and
centralized brains as major changes,
and use them to categorize the animals
into discrete phyla with more or less
distinctive ‘body plans’. While we are
certain that these transitions did take
place in deep branches of the animal
tree, we often do not understand how
they occurred and have difficulty in
reconstructing functional intermediate
steps taken during these transitions.
We know that vertebrates, insects,
mollusks and sea anemones are all
related to each other, but we cannot
yet picture what their common
ancestors looked like and how they
lived. The deepest ancestral forms and
functions of animals are the ‘known
unknowns’ of animal evolution. New
work by Sa´nchez-Higueras, Sotillos
and Castelli-Gair Hombrı´a [1],
published in this issue of Current
Biology, raises new questions about
one of these unknowns— the evolution
of arthropod endocrine systems — by
revealing an unexpected link between
two major endocrine glands and therespiratory organs (tracheae) of
insects.
Arthropods — including insects,
crustaceans, spiders, centipedes and
the extinct trilobites — are among the
most successful animals on earth:
insects alone comprise more than half
of all known living species (Haldane
once said ‘‘the Creator, if he exists, has
a special preference for beetles’’); ants
represent the largest part of animal
biomass in rainforests, as do copepods
and krill in the oceans. All arthropods
are characterized by the possession of
a hardened exoskeleton and a modular
body consisting of repeated (but not
necessarily identical) segments. The
exoskeleton is likely to have been a
key feature in the establishment of the
arthropod body plan — it provides
protection and leverage for muscles,
but also constrains growth and the
exchange of respiratory gases and ions
with the environment. The arthropod
ancestors evolved solutions to these
constraints, which involved the
endocrine and respiratory organs that
are the focus of the Sa´nchez-Higueras
et al. [1] paper.
To escape the constraints on growth,
arthropods exploited moulting, which
allows them to replace the exoskeleton
by a larger one as the body grows.
Two hormones became tightly
associated with growth through
moulting: ecdysone, whose levels in
the blood (hemolymph) provide the
signal for moulting, and juvenilehormone, whose action maintains the
juvenile characteristics and prevents
metamorphosis during successive
larval moults [2–4]. In insects, two
endocrine glands produce and release
these hormones into the hemolymph:
the prothoracic gland releases
ecdysone and the corpus allatum
releases juvenile hormone.
To escape the constraints imposed
by the impermeable cuticle, many
arthropods also evolved specialized
surfaces for gas and ion exchange. In
the aquatic ancestors of arthropods
and in today’s crustaceans, these
functions are often carried out by
specialized appendages called gills.
In terrestrial arthropods, such as
centipedes, spiders and insects, the
respiratory function is carried out by
internal respiratory organs, called
book lungs and tracheae, respectively.
There is evidence suggesting
that the book lungs and tracheae
of some terrestrial arthropods
evolved from the gills of their aquatic
ancestors, by internalization of these
respiratory surfaces into the
body [5–7].
Until now endocrine glands and
tracheae were supposed to be
unrelated; populations of cells that
evolved independently in response to
different adaptive pressures on the
arthropod body plan. The results of
Sa´nchez-Higueras et al. [1] question
this view, by demonstrating that the
embryonic primordia of the corpus
allatum and the prothoracic gland are
serially homologous to the primordia
of tracheal cells. Serial homology
means that these structures originate
from identical groups of cells located
in successive segments of the body,
which are defined by a common set of
developmental instructions; as is the
case for successive limbs in insects
or vertebrae in mammals. Serial
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Figure 1. Hypotheses on the origin of insect endocrine glands and tracheae.
(A) In insects, as shown by Sa´nchez-Higueras et al. [1], the corpus allatum (magenta) and
prothoracic gland (blue) and the tracheae (red) arise from serially homologous primordia in
successive head and trunk segments. In some insects, the corpus allatum and prothoracic
gland primordia fuse to form part of the ring gland. (B) Homologues of these organs are likely
to have been present in the last common ancestors of crustaceans and insects; insect
tracheae may derive from external respiratory surfaces (gills, in red) of these ancestors. (C)
The corresponding head and trunk segments had not acquired distinct identities and probably
carried gills in the last common ancestors of all arthropods. It is not known whether these gills
performed any of the endocrine functions that were later associated with the corpus allatum
and the prothoracic gland (see text for alternative hypotheses).
Dispatch
R39homologues are not necessarily
identical. Their shared developmental
programme may be modified through
the action of Hox genes to generate
different structures in successive
segments [8].Sa´nchez-Higueras et al. [1] show
that in Drosophila melanogaster the
corpus allatum, prothoracic gland and
tracheal primordia arise at the same
location in successive segments of
the head and trunk: the corpusallatum in the maxillary segment, the
prothoracic gland in the labial segment
and the tracheae in successive
thoracic and abdominal segments
(Figure 1A). By performing elegant
genetic experiments, they dissect
the genetic requirements for corpus
allatum and prothoracic gland
primordium specification, invagination,
epithelial-mesenchymal transition and
migration. The establishment of the
endocrine and tracheal primordia relies
on the expression of the transcription
factor Vvl, driven by the same
enhancer, JAK/STAT signaling and the
action of Hox genes. Once specified,
the primordia invaginate in a strikingly
similar fashion. Consistent with the
notion that they represent serial
homologues, the corpus allatum and
prothoracic gland primordia can be
transformed into each other and into
tracheal primordia by mis-expressing
the appropriate Hox genes. The study
clearly establishes the common
developmental origin of the corpus
allatum, prothoracic gland and tracheal
primordia, in successive segments of
the Drosophila body. What are the
evolutionary implications of this
finding?
Comparative studies suggest that
homologues of the corpus allatum, the
prothoracic gland and the tracheae
may exist in the closest relatives of
insects, the crustaceans: the
mandibular organ and the Y-gland
in the head, which secrete methyl
farnesoate (closely related to juvenile
hormone) and ecdysone, respectively
[2,9,10], and the gills in thoracic
segments [7]. These organs may
develop from serially homologous
precursors in crustaceans — a
hypothesis that could be tested in
modern crustaceans — and, if so, it will
be reasonable to assume that the same
was true in the common ancestors of
crustaceans and insects (Figure 1B).
That common ancestor, an aquatic
creature, would have formed external
gills and internalized endocrine
glands, which suggests that the
invagination process was perhaps first
implemented in the endocrine glands,
and then co-opted to the gill/trachea
precursors.
Can we trace the fate of these
primordia further back in time, to
the origin of all arthropods? How
can we envision the origins of the
developmental link between endocrine
glands and tracheae? Cambrian
fossils, comparative morphology and
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R40Hox gene expression patterns suggest
that at the origin of arthropods, the
segments that correspond to the
maxillary and the labial segment of
insects had not yet acquired a distinct
identity, bearing legs and gills like
those of other trunk segments
(Figure 1C) [11,12]. Did the precursors
of the corpus allatum and the
prothoracic gland exist on these
segments in the last common
ancestors of all arthropods?
Three possible scenarios come to
mind: first, some components of the
endocrine system may not have been
present in these distant ancestors,
but arisen later in evolution. Thus,
juvenile hormone could have arisen in
the crustacean/insect lineage and the
corresponding endocrine organs may
not have been present outside that
clade. This is unlikely to be the case for
ecdysone, whose role in moulting is
widespread in arthropods [2]. Second,
some of the relevant hormones may
have been produced by other tissues.
For example, in some arthropods
ecdysone is also produced by the
ovaries, the male accessory glands, or
the epidermis [13–15]. It is possible
that other tissues were the major
sources of ecdysone ancestrally, and
that this role was taken over by a new
endocrine organ, the prothoracic
gland, later in evolution. Third,
endocrine functions may have been
already associated with the presumed
evolutionary precursors of the corpus
allatum and the prothoracic gland, the
gills, in anterior trunk segments or
throughout the body (Figure 1C). The
latter hypothesis, if true, could have
had profound implications for the
physiology of the animals that carriedthem. Oxygen concentration and
osmotic pressure may influence
ecdysone and juvenoid hormone levels
in modern-day insects and
crustaceans [16,17] and there is
evidence to suggest that oxygen
availability in the body could be one
of the sensors of growth that trigger
moulting in insects [18]. In ancestral
arthropods, the physical unity of
endocrine organs and gills may have
helped integrate cues from the
environment into a system regulating
body size, respiration and growth.
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